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Summary
Background Daily and on-demand pre-exposure prophylaxis (PrEP) are effective at preventing HIV acquisition among
men who have sex with men (MSM), but only daily PrEP is approved in the US. On-demand PrEP may improve
uptake and adherence. We identify sub-groups of MSM who would benefit from on-demand PrEP and determine
effectiveness achieved if individuals used their optimal regimens.

Methods Using data from the HPTN 067 study (study period 2012–2014), we created an individual-based stochastic
model of HIV risk in two synthetic MSM populations with parameters separately estimated using data from Harlem,
US, and Bangkok, Thailand. Agents were assigned daily and on-demand PrEP for six months each. Two personalized
PrEP assignments: optimal, based on improved predicted effectiveness and reduced pill burden, and adherence-
based, using daily PrEP adherence, were simulated for another six months.

Findings Simulated on-demand PrEP was optimal for approximately one-third of MSM. It was assigned mainly to
those with low daily PrEP adherence (88% (Harlem), 95% (Bangkok) of MSM with daily PrEP adherence <40%).
Mean effectiveness was slightly higher in the full synthetic population with optimal PrEP assignment compared to
universal daily PrEP. Among MSM for whom on-demand PrEP was optimal, mean effectiveness improved by 18
(Harlem) and 7 percentage points (Bangkok). Comparable predicted effectiveness was achieved if on-demand
PrEP was assigned to the population with daily PrEP adherence <50%. There was no advantage in assigning on-
demand PrEP by sex act frequency.

Interpretation On-demand PrEP could benefit many MSM by increasing effectiveness or decreasing pill burden
with similar effectiveness. On-demand PrEP may be an effective alternative to daily PrEP for individuals with
difficulty taking daily PrEP consistently. Results were similar for Harlem and Bangkok, indicating that these
conclusions were robust in populations with different overall adherence levels and may inform future public-
health policies.

Funding US NIH grant UM1 AI068617.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: HIV; PrEP; On-demand PrEP; 2-1-1 PrEP; MSM; Mathematical model; US; Thailand
Introduction
Despite promising advances in prevention, HIV re-
mains a significant public health burden with 1.5
million new infections globally in 2020,1 disproportion-
ately affecting men who have sex with men (MSM) in
many areas. Pre-exposure prophylaxis (PrEP) with daily
oral tenofovir disoproxil fumarate/emtricitabine (TDF-
FTC) is effective for preventing HIV acquisition among
MSM,2 but uptake remains low, especially among
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younger MSM and Black and Indigenous people of color
(BIPOC) globally.3 Even among those using PrEP,
effectiveness depends on continuous adherence, which
is challenging for many.4,5 Indeed, challenges in uptake,
persistence, and adherence have limited the impact of
daily PrEP in decreasing HIV incidence.6–8

The availability of on-demand PrEP, where in-
dividuals align pill-taking with periods of sexual activity,
may improve PrEP uptake, persistence, and adherence,
inson Cancer Center, United States.
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Research in context

Evidence before this study
Pre-exposure prophylaxis (PrEP) with daily pill taking is an
effective method to prevent HIV acquisition, but many
individuals who are at high risk of HIV acquisition do not use
daily PrEP. PrEP effectiveness depends on good adherence,
which can be challenging for many users. On-demand PrEP, in
which pills are only taken around sex acts, is also an effective
method to prevent HIV in men who have sex with men
(MSM) but is not currently FDA approved in the US and not
as well known among potential users. On-demand PrEP may
improve PrEP uptake, especially in individuals concerned
about consistently taking daily pills or about side effects.

Added value of this study
We used detailed clinical trial data from a HIV Prevention
Trials Network trial evaluating three PrEP regimens in Harlem,

US, and Bangkok, Thailand, to inform an individual-based
stochastic model of pill taking and sex frequency in order to
model HIV risk with both daily and on-demand PrEP. We
found that MSM who have poor adherence to daily PrEP are
expected to have higher effectiveness and therefore lower risk
of HIV acquisition when using on-demand PrEP. There was no
advantage to assigning on-demand PrEP to MSM based on
sex frequency.

Implications of all the available evidence
On-demand PrEP could benefit many MSM by increasing PrEP
effectiveness or decreasing pill burden with similar
effectiveness. On-demand PrEP should be offered to
individuals with difficulty taking daily PrEP consistently.
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particularly among those concerned about side effects or
consistently adhering to daily pill taking,9–12 or who
prefer to take fewer pills. The best-supported on-de-
mand PrEP regimen is “2-1-1,” in which individuals
take two pills 2–24 h prior to sex, one on each day
following day in which a sex act occurs, one 24 h after
the final pre-sex act dose, and one 24 h after that.13 In a
randomized controlled trial of MSM in France, on-
demand 2-1-1 PrEP was found to reduce HIV inci-
dence by 86% compared to placebo.13 Surveys of early
adopters and demonstration projects have consistently
found that MSM prescribed on-demand 2-1-1 PrEP
report high use with sex acts,12,14 with adherence levels
up to 81% and 88% in European trials.15,16 On-demand
PrEP use is rarer in the United States (US) but one
survey of US MSM who had taken on-demand PrEP
(either as prescribed by a physician or self-modified
from a daily PrEP prescription) found high levels of
adherence (over 84%) for this regimen.11

The HPTN 067 study compared daily PrEP with two
non-daily PrEP strategies: time-driven (one pill twice per
week with a post-sex dose <2 h after sex) and event-
driven PrEP (1 pill 24–48 h before and 1 pill <2 h af-
ter sex) among MSM in Harlem, New York, USA, and
Bangkok, Thailand.17,18 The study collected data using
real-time electronic drug monitoring pill bottles and
self-reported data from weekly interviews on sex acts
and when PrEP was ingested relative to pill bottle
opening and sex acts.17 In Harlem, participants in the
non-daily regimens had lower sex act coverage than
those on daily PrEP, while participants in Bangkok had
similar sex act coverage with each regimen. Blood con-
centrations of PrEP indicative of taking ≥2 pills/week
were measured in >95% of visits when sex was reported
in the prior week in all study arms in Bangkok, but in
only 49%, 31%, and 17% of visits in Harlem in the daily,
time-driven, and event-driven PrEP arms, respectively.17

Although they preferred on-demand PrEP, a sub-study
of Harlem-based participants in HPTN 067 shared
concerns about its effectiveness and their ability to
adhere to more complicated regimens.19

In this study, we used mathematical modeling to: 1)
simulate pill-taking and sex act frequency based on
patterns observed in HPTN 067; 2) identify those who
would benefit most from using on-demand 2-1-1 PrEP;
and 3) report on different strategies of individualized
PrEP assignment (to daily or on-demand 2-1-1 PrEP)
based on improved effectiveness, reduced pill burden,
and/or the likelihood of adhering to daily PrEP. We
utilized observed data from HPTN 067 to predict asso-
ciations between sexual behavior, ability to predict sex,
and likelihood of taking regularly scheduled pills and
pills before expected sex acts or after sex. This allowed
us to develop a detailed model of pill-taking and sex act
frequency and HIV risk to predict how individuals
would respond to changes in their prescribed PrEP
regimen and compare the effectiveness of different
regimens in reducing risk of HIV acquisition. A key
feature of our modeling framework is the ability to
predict adherence when assigned to different PrEP
regimens. While many MSM maintain high adherence
when using on-demand PrEP, many more who could
benefit from it had no chance to try it (91% of re-
spondents in one survey had heard of PrEP, but only
23% and 17% of respondents had heard of non-daily
PrEP and of taking PrEP only around sex acts, respec-
tively20). We endeavored to determine which groups of
MSM would benefit most from on-demand PrEP use to
hopefully increase knowledge of and guide prescription
of this regimen.
www.thelancet.com Vol 56 February, 2023
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Methods
Based on the observed patterns in HPTN 067, we
developed an agent-based stochastic model simulating
pill taking and sex act frequency and used the model to
create a distribution of these behaviors for model agents
assigned to daily and on-demand 2-1-1 PrEP. First, we
estimated model parameters which govern pill taking
behavior and sexual activity separately for each PrEP
regimen in HPTN 067 (daily, time-driven, and event-
driven). We then used these parameters to simulate
on-demand PrEP by modifying the event-driven PrEP
regimen with 2-1-1 PrEP guidelines13. PrEP adherence
was measured separately for patterns of “fixed” pills
taken daily or weekly at regular intervals and “on-de-
mand” pills taken before and after sex acts observed in
HPTN 067. Next, we created a synthetic trial population
Individual parameters! : Regimen R, individual j uR,j ∈ RNT ∼N(βR,ΣR)
Pill taking probability in interval i logit(Pi,j) = uR,j,Typei
to simulate daily and on-demand PrEP and predict PrEP
adherence for each modelled agent. We calculated PrEP
effectiveness for the synthetic trial population,
measured as percent reduction in HIV risk, accounting
for the predicted number of pills taken around agents’
sex acts. We determined an optimal PrEP regimen for
each agent based on calculated effectiveness and num-
ber of pills taken. Finally, we evaluated the effectiveness
of the optimal PrEP assignment and compared it to an
adherence-based PrEP assignment in which only agents
with low observed adherence to daily PrEP were
assigned on-demand PrEP to determine the predicted
impact of adding on-demand PrEP as an option. Lastly,
we validated adherence for HPTN 067 participants
based on observed pharmacokinetic data.
Modeling pill-taking and sex act frequency
Using observed data from HPTN 067, we estimated
individual pill-taking by dividing the study follow-up
Model terms Definitions

Fixed regimen PrEP pills taken at regular intervals (daily or week

On-demand regimen PrEP pills taken before and after sex acts

Optimal PrEP assignment On-demand PrEP was assigned if it resulted in i)
percentage points (pp) improvement in effectivene
PrEP with fewer than half the number of pills tak
In all other cases daily PrEP was assigned.

Adherence-based PrEP
assignment

Agents with adherence to daily PrEP below 40, 5
All other agents were assigned to daily PrEP.

Panel 1: Model terms and definitions.
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time into discrete adherence intervals during which a
pill may or may not be taken. These intervals ranged
from 2 to 44 h and depended on proximity to sex acts.
Intervals were grouped into interval types, depending on
the assigned PrEP regimen (daily or on-demand), recent
pill-taking behavior, and proximity to sex acts (Fig. 1). Pij

refers to the probability of individual j taking PrEP
during interval i. This depended on uR,j, the PrEP
adherence parameter for individual j and regimen R; uR,j
had one entry per interval type and referred to the log-
odds of taking a pill (see Fig. 1 for interval defini-
tions). Its distribution was estimated from HPTN 067
data.

The mean, βR, and covariance matrix, ΣR, describe
the population distribution of the PrEP adherence pa-
rameters (see Table 1) for regimen R and can be used to
simulate a synthetic population. The number of
modeled sex acts for each agent on each day was Poisson
distributed with agent-specific mean μj. βR, ΣR, and μj
were estimated from HPTN 067 data.17

Daily PrEP
For daily PrEP, there were two interval types, D1 and
D2, corresponding to days with or without a pill
taken on the previous day. Pill taking probabilities
were calculated from the observed daily arm of
HPTN 067.

On-demand PrEP
We extended the probability estimates based on data
from observed event-driven PrEP to inform adherence
probabilities for on-demand 2-1-1 PrEP assuming
individuals were as likely to adhere to the on-demand
2-1-1 regimen as they were to the event-driven
regimen in HPTN 067. Therefore, we used pre-sex,
post-sex, and make-up (an otherwise unneeded pill
ly)

any improvement in effectiveness with fewer pills taken than daily PrEP (Criterion 1); ii) more than 10
ss compared to daily PrEP (Criterion 2); or iii) less than 10 pp reduction in effectiveness compared to daily
en (Criterion 3).

0, or 60% were assigned on-demand PrEP.

3
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Fig. 1: A: Diagram of PrEP regimens for a typical week: daily PrEP: one pill per day; on-demand PrEP: two pills 2–24 h before sex acts (only one
pill if other pills taken in previous seven days), one pill 24 h after the last pre-sex pill, and one pill 24 h after that. B: Diagram of PrEP regimens’
adherence interval types. Each regimen’s adherence interval depended on previous pills taken (outlined label boxes) and on time before or after
sex acts. Pill taking and sex acts here are to illustrate when each adherence interval occurs and do not reflect actual data.
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taken the day after a prescribed pill was missed) pill
taking probabilities from the observed event-driven
arm of HPTN 067 (see supplement for full details)
to simulate on-demand 2-1-1 PrEP. The modeled pre-
sex pill was doubled to two pills if there were no
other pills taken in the previous seven days or current
day, reflecting that 2-1-1 users are instructed not to
double their first pill if they have taken pills in the
preceding week. If sex acts occurred on multiple
consecutive days, only one modeled pill would be taken
on each subsequent day. The modeled make-up pill
was doubled under the same conditions as the pre-sex
pill, reflecting instructions to take two pills after sex if
the pre-sex pills were missed.21 If the first post-sex pill
Interval type

A. Daily PrEP Pill taken day before

Pill not taken day before

B. On-demand PrEP No sex act day before, day of, day after

2–24 h prior to sex act

0–2 h prior to sex act, pill taken in 2–24 h window

0–2 h prior to sex act, pill not taken in 2–24 h wind

Day 1 after sex act, pre-sex act pill taken

Day 1 after sex act, pre-sex act pill not taken

Day 2 after sex act, day 1 after sex act pill taken

Day 2 after sex act, day 1 after sex act pill not taken

A: Probabilities of daily PrEP use estimated from daily HPTN 067 arm data. B: Probabi
HPTN 067 arm data, with the exception of the second post-sex act pill, which was as

Table 1: Probability of pill taking within each adherence interval type.
was taken, the second modeled pill was taken on the
following day with a 90% probability.11 An alternative
scenario in which the second post-sex pill was inde-
pendent of the first (with the same pill taking proba-
bility as the first post-sex pill) was also simulated. If
the first post-sex pill was missed, the second post-sex
pill was taken with the make-up pill probability.
Estimating PrEP adherence
Two measures of adherence were used for mapping
between regimens: “fixed” pill adherence covering daily
or weekly pills which were expected to be taken at reg-
ular intervals and “on-demand” pill adherence which
Parameter Pill taking
probability: Harlem

Pill taking
probability:
Bangkok

Median IQR Median IQR

D1 79% 62–90% 93% 81–97%

D2 46% 28–65% 79% 53–92%

O1 7% 3–16% 7% 4–11%

O2 29% 21–40% 36% 32–40%

O3 20% 12–30% 19% 13–27%

ow O4 31% 15–53% 55% 45–65%

O5 18% 11–28% 43% 31–57%

O6 13% 9–20% 6% 3–11%

O7 90% NA 90% NA

O8 13% 9–20% 6% 3–11%

lities of on-demand PrEP use based on probabilities estimated from event-driven
signed 90% probability based on 2-1-1 adherence data.11

www.thelancet.com Vol 56 February, 2023
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were expected to be taken before and after sex acts. We
evaluated the Pearson correlation coefficient between
adherence to fixed and on-demand pills using data from
the time-driven arm of HPTN 067 where participants
took both fixed and on-demand pills so adherence to
both types could be assessed in the same participants in
the same time-period. We assumed agents retained the
same fixed pill adherence quintile when assigned to
time-driven PrEP or daily PrEP and the same on-
demand pill adherence quintile when assigned to
time-driven PrEP or on-demand PrEP. This allowed us
to predict agent adherence levels when assigned to
different regimens.
Creation of synthetic population
We created a synthetic population of 10,000 agents with
defined pill taking and sex act frequency for each
regimen uR,j = {uDaily,j,uTime,j,uEvent,j,u211,j}. Given the
different underlying distribution of pill taking behav-
iors, separate synthetic populations were created to
represent the Bangkok and Harlem populations.

To create each of these populations, we first sampled
10,000 adherence parameter sets uR,j from each regimen
and site-specific parameter distribution. Adherence
parameter sets were stochastically combined.

When an agent in the model was created, we
sampled a participant from the time-driven arm of
HPTN 067 (Fig. 2). That participant had both fixed and
on-demand PrEP adherence values in quintiles x and y,
respectively. For fixed adherence, a participant in the
daily PrEP arm with adherence in quintile x was
sampled and the modeled agent had daily PrEP adher-
ence equal to that participant. For on-demand adher-
ence, a participant in the on-demand PrEP arm with
post-sex pill adherence in quintile y was sampled and
the modeled agent had on-demand PrEP adherence
equal to that participant. In this way, we directly used
observed adherence data from the daily and event-driven
arms of HPTN 067, linked by time-driven arm partici-
pants’ propensities to adhere to fixed and on-demand
pills. Note that model agents may or may not have
fixed and on-demand adherence in the same quintile.
Pill taking behavior at the given adherence level was
modeled as described above.
Estimating PrEP effectiveness
PrEP effectiveness was calculated on a per-sex act basis
for each model agent. For sex act k, we added together
the number of pills taken on the day of, the four days
prior, and the two subsequent days. If at least two, four,
or seven cumulative pills were taken, we assumed that
the risk of HIV acquisition for that sex act was reduced
by εk = 76%, 96%, or 99%, respectively.4 If pills were
taken both 2–48 h prior and 2 h after a sex act, HIV risk
was reduced by εk = 96% even if less than four pills
www.thelancet.com Vol 56 February, 2023
were taken within the week of the sex act, reflecting
perfect adherence to the event-driven regimen. A
sensitivity analysis removing this assumption was also
conducted.

Each sex act had an intrinsic untreated hazard, ρk,
depending on condom use, sexual positioning, STI
status of the agent, etc. This hazard for sex act k was
reduced to ρk(1 −εk) during treatment. We defined the
predicted effectiveness value for an agent to be the
reduction in cumulative HIV hazard compared to no
PrEP

Effectiveness for an agent= 1−
∑kρk(1−εk )

∑kρk

We assumed the untreated intrinsic hazard ρk was
constant across all of an individual’s sex acts or, equiv-
alently, that their protection εk was uncorrelated with ρk.
With this assumption, the effectiveness for an agent
simplified to the mean level of protection across all sex
acts. The population-level effectiveness was similarly the
mean level of protection across all sex acts in the syn-
thetic population.
Optimal PrEP assignment
The pill-taking and sex act frequency of each agent in
the synthetic population were simulated separately for
daily and on-demand PrEP for six months each. Effec-
tiveness and number of pills taken were determined for
each agent on each regimen. On-demand PrEP was
identified as the optimal regimen over daily PrEP for an
agent if it resulted in: i) any improvement in effective-
ness with fewer pills taken than daily PrEP (Criterion 1);
ii) > 10 percentage points (pp) higher effectiveness than
daily PrEP (Criterion 2); or iii) < 10 pp lower effective-
ness than daily PrEP with fewer than half the number of
pills taken (Criterion 3) (see Fig. S3). In all other cases
daily PrEP was identified as optimal. These criteria were
chosen to reflect the potential preference of individuals
to take fewer pills as long as effectiveness was not
greatly reduced. We evaluated an optimal PrEP assign-
ment in which each of the 10,000 agents in the synthetic
population was assigned to their optimal regimen and
simulated for six months. We considered alternate
thresholds on the optimization criteria as part of a
sensitivity analysis.
Adherence-based PrEP assignment
We evaluated a simplified, adherence-based PrEP
assignment constructed on the simulated adherence to
daily PrEP only. In this analysis, we simulated the entire
synthetic population on daily PrEP for six months and
calculated each agent’s adherence (as the mean number
of days a pill was taken). On-demand PrEP was assigned
to agents with daily PrEP adherence below 50% while
daily PrEP was assigned to all other agents. The
5
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Fig. 2: Bridging between PrEP regimens. Plots show data from the HPTN 067 trial. When a model agent is created, a participant from the
time-driven arm of HPTN 067 is sampled. That participant has both fixed and on-demand PrEP adherence values (A & E) in quintiles x and y
respectively (B & F). For fixed adherence, a participant in the daily PrEP arm with adherence in quintile x is sampled (C & G) and the modeled
agent has daily PrEP adherence equal to that participant. For on-demand adherence, a participant in the event-driven PrEP arm with post-sex
pill adherence in quintile y is sampled (D & H) and the modeled agent has on-demand PrEP adherence equal to that participant. In this way we
use adherence data from the daily and event-driven arms of HPTN 067, linked by actual participants’ propensities to adhere to fixed or on-
demand pills. Participants may or may not have fixed and on-demand adherence in the same quintile as there was no statistical correlation
found between these adherence types.
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synthetic population was simulated for another six
months. Sensitivity analyses were conducted with on-
demand PrEP assigned to agents with daily PrEP
adherence between <40 and < 60%.
Pharmacokinetic validation of adherence
To determine whether observed real-time electronic
drug monitoring pill bottles and self-reported pill taking
in HPTN 067 was accurate, we examined
pharmacokinetic data consisting of dried blood spot
(DBS, Harlem) or peripheral blood mononuclear cell
(PBMC, Bangkok) concentrations of tenofovir diphos-
phate (TVF-DP) to determine whether there were mis-
matches between reported pill taking and measured
drug concentrations. Mismatched adherence was
defined as a report in which two or more pills were
reportedly taken in the past week, but drug concentra-
tion was measured as zero. We performed a sensitivity
analysis eliminating participant data with mismatched
www.thelancet.com Vol 56 February, 2023
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adherence. In the supplement, we performed another
sensitivity analysis eliminating participant data with an
expanded definition of mismatched adherence
including reports with two or more pills reportedly
taken and measured drug concentration based on half-
life <350 fmol/106 cells5,22 (DBS analysis, Harlem) or
<3 fmol/106 cells4,23 (PBMC analysis, Bangkok).
Role of funding
The study funding source had no role in the design or
interpretation of the study or in the writing of the
manuscript.
Results
Analysis of the pill taking behavior in HPTN 067
In the daily arm of HPTN 067, participants were much
more likely to take a pill if a pill was taken the day before
than if no pill was taken (median probability Harlem:
33pp, Bangkok: 14pp higher, Table 1A). This resulted in
sequences of successive or missed pill-taking days.

In the event-driven arm of HPTN 067 (which was
assumed to have the same adherence probabilities as
on-demand PrEP), pills were taken before a sex act with
an approximately 30% median probability either in the
prescribed 2–24 h window before a sex act, or 0–2 h
before sex with no pill in the previous window in Har-
lem, while in Bangkok the probabilities were higher at
36% and 55%, respectively (Table 1B). Participants in
Bangkok were also more likely to take post-sex act pills
in the prescribed 0–2 h window after a sex act compared
to participants in Harlem (Bangkok: 43%, Harlem:
18%), and participants in Harlem (compared to partic-
ipants in Bangkok) were more likely to make up for a
missed post-sex act pill the following day (Harlem: 13%,
Bangkok: 6%).

In the time-driven arm of HPTN 067, participants
were assigned to take both fixed and on-demand PrEP.
There was no statistically significant correlation between
a participant’s adherence to fixed pills and their adher-
ence to on-demand pills (Harlem: p = 0.14 and Bangkok:
p = 0.53, Fig. S5).
Predicted population effectiveness
Using the optimality criteria defined above, on-demand
PrEP was optimal for 36% (Harlem) and 30% (Bangkok)
of the population. In the adherence-based assignment,
on-demand PrEP was assigned to 30% (Harlem) and
11% (Bangkok) of the population who had adherence to
daily PrEP below 50%. The mean population predicted
effectiveness improved slightly for both optimal and
adherence-based PrEP assignments, with more signifi-
cant improvement projected for Harlem. Mean popula-
tion effectiveness improved from 79% to 85% (Harlem)
and from 90% to 92% (Bangkok) when switching from
www.thelancet.com Vol 56 February, 2023
universal daily PrEP to the optimal PrEP assignment
(Fig. 3A and B). In comparison, mean effectiveness
improved to 85% (Harlem) and 94% (Bangkok) when
assessed based on daily PrEP adherence. As expected,
taking more pills is associated with better effectiveness
regardless of the regimen assignment (Fig. S6).

Restricted to the group of agents for whom on-
demand PrEP was optimal in Harlem, mean effective-
ness improved from 57% when using daily PrEP to 75%
when using on-demand PrEP (Fig. 3C). Fewer pills were
also required when this group switched to on-demand
PrEP (daily PrEP pill count per week = 2.9, on-
demand PrEP pill count = 2.3). Effectiveness increased
for 80% of the group and pill taking decreased for 63%
(Fig. 4A). In Bangkok, effectiveness improved less for
the group of agents for whom on-demand PrEP was
optimal: mean effectiveness on daily PrEP was 75% and
mean effectiveness on on-demand PrEP was 82%
(Fig. 3D). Substantially fewer pills were required when
this group switched to on-demand PrEP (initial daily
PrEP pill count per week = 4.4, on-demand PrEP pill
count = 2). Effectiveness increased for 49% of the group
and pill taking decreased for 81% (Fig. 4B).

There were substantial increases in effectiveness in
the group of agents with on-demand PrEP assigned
based on daily PrEP adherence in both locations. In
Harlem, mean effectiveness on daily PrEP was 50% and
was 70% on on-demand 2-1-1 PrEP (Fig. 3C). In
Bangkok, mean effectiveness was 46% on daily PrEP
and 80% on on-demand PrEP (Fig. 3D).
Who benefits from switching to on-demand PrEP?
On-demand PrEP was optimal mainly for those agents
with low adherence to daily PrEP [for 88% (Harlem) and
95% (Bangkok) of those with low adherence (below
40%) to daily PrEP, Fig. 4C and D], while daily PrEP was
mainly optimal for those with high adherence to daily
PrEP [91% (Harlem) and 84% (Bangkok) of those with
adherence above 90%]. Benefits from switching to on-
demand PrEP varied by daily PrEP adherence. High
daily PrEP adherers took fewer pills when assigned to
on-demand PrEP. Among agents with daily PrEP
adherence above 90% for whom on-demand PrEP was
optimal, 95% (Harlem) and 99% (Bangkok) were
assigned based on pill reduction (Criterion 3). In
contrast, low daily PrEP adherers were more likely to
have higher predicted effectiveness with on-demand
PrEP. This was true for 96% (Harlem) and 98%
(Bangkok) of those with daily PrEP adherence below
40% for whom on-demand PrEP was optimal. Notably,
there were significant differences in the daily PrEP
adherence profiles of the simulated MSM populations in
Harlem and Bangkok based on HPTN 067 data
(Table 2).

There was little difference in sex act frequency of
agents for whom on-demand or daily PrEP was optimal
7
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Fig. 3: Predicted effectiveness of evaluated PrEP assignments for Harlem (A & C) and Bangkok (B & D). Red and white dots indicate mean
and median values, respectively. Thick black bars show the interquartile range (IQR) and thin black lines show 1.5*IQR. Shaded areas show the
distribution of the data using kernel density estimation. A & B: Overall effectiveness for the whole population with agents on daily PrEP (gray),
with optimal PrEP (purple), and adherence-based PrEP (blue). C & D: Effectiveness of daily and on-demand PrEP within the groups assigned to
each regimen: with optimal PrEP assignment, daily PrEP optimal (gray), on-demand PrEP optimal (purple); with adherence-based PrEP
assignment, daily PrEP assigned was qualitatively similar to daily PrEP optimal (not shown), on-demand PrEP assigned (blue).
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(Fig. 4E and F, S8). Agents with more frequent sex acts
were less likely to have on-demand PrEP as their
optimal regimen due to lower pill burden. Sex act
frequency distribution was similar across Harlem and
Bangkok populations (Table 2).
Sensitivity analyses
We conducted sensitivity analyses to test the effects of
assumptions about efficacy and pill taking probabilities
on the results of the analysis with optimal PrEP
assignment. In the first alternative scenario we replaced
the assumption of 96% PrEP efficacy with perfect
adherence to the event-driven PrEP regimen with the
effectiveness value assumed with 2+ pills taken (76%+).
As a result of this change, the optimal effectiveness
decreased 3.26 pp in Harlem and increased 0.4 pp in
Bangkok. Similarly, we also added an assumption of
96% PrEP efficacy with perfect adherence to on-demand
2-1-1 PrEP and found optimal regimen PrEP effective-
ness did not change in Harlem and decreased 0.15 pp in
Bangkok. We conducted a further sensitivity analysis to
determine the effect of the assumption that the second
post-sex act pill for on-demand PrEP was taken with a
probability of 90% if the first post-sex act pill was taken.
Here, we changed the probability of the second post-sex
act pill to the value for the first post-sex act pill. The
optimal regimen PrEP effectiveness decreased 0.35 pp
in Harlem and 0.14 pp in Bangkok.

We next explored a series of alternative criteria to
define optimal PrEP. If we expanded criteria to include
all agents for whom on-demand PrEP had higher
effectiveness regardless of the number of pills taken,
on-demand PrEP was optimal for an additional 2 pp
(Harlem) and 1 pp (Bangkok) of agents, and the
overall PrEP effectiveness increased by 0.52 pp and
0.04 pp, respectively. The effectiveness within the
subgroup for whom on-demand PrEP was optimal
increased by 2 pp in Harlem but remained the same
in Bangkok. Under more restrictive criteria, in which
on-demand PrEP was no longer optimal for agents
who took more than twice as many pills as in daily
PrEP but achieved less than 10 pp higher effectiveness
(Criterion 3), on-demand PrEP was optimal for 5 pp
(Harlem) and 3 pp (Bangkok) fewer agents. The overall
PrEP effectiveness with optimal assignment decreased
by 2.6 pp (Harlem) and 1.43 pp (Bangkok) while the
effectiveness in the subgroup for whom on-demand
PrEP was optimal decreased by 1 pp (Harlem) and
remained the same (Bangkok).
www.thelancet.com Vol 56 February, 2023
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Fig. 4: Groups of agents for whom on-demand PrEP was optimal in Harlem (A, C, E) and Bangkok (B, D, F). A & B: Absolute percent
difference in effectiveness and relative difference in pill taking between daily and on-demand PrEP. Colored dots represent agents for whom on-
demand PrEP was optimal and gray dots represent agents for whom daily PrEP was optimal. C–F: Predicted proportion of agents for whom on-
demand PrEP was optimal by adherence to daily PrEP (C & D) and sex frequency (E & F) and by optimality criteria. Criterion 1: any improvement
in effectiveness with fewer pills taken than daily PrEP; Criterion 2: >10 percentage points (pp) higher effectiveness than daily PrEP; Criterion 3:
<10 pp lower effectiveness than daily PrEP with fewer than half the number of pills taken. Note difference in size between adherence groups in
Table 2.
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Adherence to daily PrEP % in Group, Harlem % 2-1-1 optimal, Harlem % in Group, Bangkok % 2-1-1 optimal, Bangkok

0–40% 21% 88% 8% 95%

40–60% 19% 47% 8% 67%

60–75% 18% 24% 10% 39%

75–90% 24% 10% 21% 21%

90–100% 18% 9% 53% 16%

Sex Acts past 6 months % in Group, Harlem % 2-1-1 optimal, Harlem % in Group, Bangkok % 2-1-1 optimal, Bangkok

0–11 32% 35% 38% 31%

11–25 31% 37% 32% 32%

25+ 37% 36% 30% 26%

Adherence cut-offs were chosen to be approximately equivalent to quintiles in the Harlem group while sex frequency cut-offs were chosen to be approximately equal to
tertiles in both populations.

Table 2: Predicted proportion of population in reported daily PrEP adherence and sex act frequency groups by simulated site.
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We also conducted sensitivity analyses examining
alternate daily PrEP adherence thresholds (40% and
60%) in the adherence-based assignment (Fig. S4). If all
agents with <40% adherence to daily PrEP were
assigned on-demand PrEP, on-demand PrEP would be
assigned to 9.15 pp (Harlem) and 2.40 pp (Bangkok)
fewer agents. Overall effectiveness would decrease by
0.62 pp (Harlem) and increase by 0.10 pp (Bangkok) and
effectiveness for the subgroup assigned on-demand
PrEP would increase by 9.58 pp (Harlem) and 11.45
pp (Bangkok). If all agents with <60% adherence to daily
PrEP were assigned on-demand PrEP, on-demand PrEP
would be assigned to 10.00 pp (Harlem) and 4.76 pp
(Bangkok) more agents. Overall effectiveness would in-
crease by 0.18 pp (Harlem) and 0.31 pp (Bangkok) and
effectiveness for the subgroup assigned on-demand
PrEP would decrease by 6.60 pp (Harlem) and 9.09 pp
(Bangkok).
Pharmacokinetic analyses
In Harlem, 34/173 participants with pharmacokinetic
data had mismatched adherence (reported 2+ pills taken
in the past week but had zero drug detected, Fig. S7).
These participants made 87 total reports, 50 of which
were mismatched. In Bangkok, 2/178 participants had
mismatched adherence. They had 6 total reports, 4 of
which were mismatched. When participants with mis-
matched adherence were removed from the analysis, the
population predicted effectiveness with optimal PrEP
assignment increased by 1.08 pp in Harlem and
decreased by 0.10 pp in Bangkok.
Discussion
Both daily oral and on-demand PrEP have shown
effectiveness in reducing HIV risk in MSM.2,13 The latter
regimen may have better adherence and uptake among
some MSM, despite not currently being recommended
by the US Food and Drug Administration (FDA).24 In
this study, we used a simulation model to evaluate how
many daily PrEP users would benefit from switching to
on-demand PrEP and how much of a benefit they would
have compared to daily PrEP. We applied our analysis to
two different MSM populations, Harlem, US and
Bangkok, Thailand with substantially different pill-
taking behavior, based on data from HPTN 067
conducted at these sites. Our findings suggest that
on-demand PrEP can improve effectiveness for in-
dividuals who have low adherence to daily PrEP. We
estimated that, on an individual basis, on-demand PrEP
will be more advantageous for about a third of the MSM
population; for those agents it increased mean effec-
tiveness considerably (by 18pp and 7pp in Harlem and
Bangkok, respectively) while requiring fewer pills (by
0.6 and 2.4 per week in Harlem and Bangkok, respec-
tively). We further tested a simple criterion for recom-
mending on-demand PrEP, based on adherence to daily
PrEP, which resulted in a comparable increase in mean
effectiveness but may reduce the proportion of MSM
who benefit from it in populations with high adherence
to daily PrEP. Although the behavioral parameters we
used are population specific and not easily generaliz-
able, our main result – that individuals with low
adherence to daily PrEP would likely benefit from
on-demand PrEP- was robust across two different
populations.

A key feature of our modeling framework is its ability
to predict individuals’ pill taking behavior when
assigned to different PrEP regimens. This was based on
the premise that fixed adherence to daily or weekly pills
differed from on-demand adherence around sex acts,
which may lead to higher effectiveness for some in-
dividuals using on-demand PrEP. The time-driven arm
of HPTN 067 study provided a unique set of data that
combined both fixed and on-demand adherences for the
same population,17 allowing us to establish connections
that bridged fixed-pill and on-demand pill adherences.
www.thelancet.com Vol 56 February, 2023
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This was a strong assumption and real-world pill taking
may not follow the patterns observed in HPTN 067
when moving between fixed and on-demand pills.
Although the distribution of fixed and on-demand
adherence among the Harlem and Bangkok pop-
ulations was quite different, overall effectiveness was
similar, giving us confidence in the validity of our key
assumptions. Ideally, data from observational studies in
which the same people are given a chance to try
different options over extended periods of time should
be used to make conclusions on expected behavior upon
switching regimens.25 For comparison of products with
different delivery routes where at least one is directly
observable, such as oral pills vs. injectables, double-
blinded studies in which each participant receives one
placebo and one active product may provide useful
bridging information.26 This study highlights the need
for additional implementation studies to compare the
usage of daily and non-daily PrEP to confirm our
findings and increase accuracy.

Our analysis did not explicitly account for individual
preference for either daily or on-demand PrEP, which
may not always align with what is optimal. Our finding
that one in three MSM may benefit from using
on-demand PrEP due to improved adherence, fewer
pills needed, or both is similar to the fraction of in-
dividuals who express a preference for on-demand PrEP
and their indicated reasons for doing so. In demon-
stration projects in Amsterdam and Belgium, 26.7% and
23.5% of MSM chose on-demand over daily PrEP,
respectively.27–29 Further, in two different surveys of
Australian MSM, 20% chose on-demand PrEP and that
preference was correlated with concerns over adherence
and side effects.16,17 In contrast, in studies in Asia, 57%,
56%, and 39% of MSM using PrEP chose on-demand
over daily PrEP (in China, Taiwan, and Hong Kong,
respectively)14,30,31 and had full adherence 82% and 92%
of the time (Taiwan and Hong Kong, respectively)14,31

Preference for on-demand PrEP also depends on the
available alternatives. Although survey participants
frequently state a willingness to use on-demand PrEP,
they typically prefer long-acting injectable PrEP,32–36

which was recently approved for use in US.
One challenge for our analysis was that on-demand

PrEP was not included in the HPTN 067 trial, so we do
not have detailed pill-taking behavior data. Instead,
adherence to on-demand PrEP was predicted based on
observed adherence to event-driven PrEP. This may
represent a conservative estimate of adherence because
event-driven PrEP had a smaller window in which post-
sex act pills could be taken (2 h in event-driven PrEP
versus 24 h in on-demand PrEP). Adherence to on-
demand PrEP was higher in the IPERGAY trial, with
45% of participants reporting use according to the 2-1-1
guideline at last sex act (although this does not include
those who used a condom instead of PrEP),13 indicating
that on-demand PrEP could be more beneficial than our
www.thelancet.com Vol 56 February, 2023
analysis suggests. Our estimate of a 90% probability of
taking the second post-sex act pill may be optimistic,
though the sensitivity analysis with decreased proba-
bility did not substantially change results. A further
limitation was the self-reported nature of the sex act
and pill taking data in the HPTN 067 populations.
These data were collected weekly, limiting recall bias,
but may be subject to social desirability bias. Our
optimal regimen criteria that allowed a large reduction
in pills taken to be preferable even if it entailed a small
reduction in effectiveness was designed to reflect that
reduction in pill count may be a significant incentive to
some PrEP users, but the precise levels used were
arbitrary. We used cumulative pill counts around sex
acts to determine PrEP effectiveness, which did not
account for timing of pill taking within the four days
before and two days after a sex act. We assumed that
risk per exposure in each of an individual’s sex acts
remained consistent, which may not be accurate due to
differing risk factors in different acts that we lacked
data to incorporate into our model.

Having choices in HIV prevention is the key to reach
more people at risk. It is equally important to offer guid-
ance on who may benefit most from each option. Efficacy,
while important, is not the deciding factor for many in
choosing an HIV prevention method.25 As more methods
of HIV prevention become available, good quantitative
frameworks need to be used to inform providers and
guide individuals in their selection of the prevention
method that will be most effective for them based on
preference, sexual behavior patterns, and likelihood of
adherence. Low levels of knowledge of on-demand PrEP
currently represent a barrier to its use among many
MSM20; increasing provider recommendations of this
regimen in those who have low adherence to daily PrEP
has the potential to increase PrEP effectiveness in these
individuals. On-demand PrEP should become more
widely available to the many MSMwho could benefit from
it, especially those who have low adherence to daily PrEP.
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